Application of the Kalman Filter to Cyclone Forecasting 3. Hurricane Forecasting 4. Additional Typhoon Forecasting by Takeuchi, K.
Application of the Kalman Filter 
to Cyclone Forecasting 3. 
Hurricane Forecasting 4. 
Additional Typhoon Forecasting
Takeuchi, K.
 
IIASA Research Memorandum
July 1976
Takeuchi, K. (1976) Application of the Kalman Filter to Cyclone Forecasting 3. Hurricane Forecasting 4. 
Additional Typhoon Forecasting. IIASA Research Memorandum. Copyright © July 1976 by the author(s). 
http://pure.iiasa.ac.at/622/ All rights reserved. Permission to make digital or hard copies of all or part of this 
work for personal or classroom use is granted without fee provided that copies are not made or distributed for 
profit or commercial advantage. All copies must bear this notice and the full citation on the first page. For other 
purposes, to republish, to post on servers or to redistribute to lists, permission must be sought by contacting 
repository@iiasa.ac.at 
A P P L I C A T I O N  O F  THE KALMAN F I L T E R  T O  CYCLONE FORECASTING 
3 .  HURRICANE FORECASTING 
4 .  A D D I T I O N A L  TYPHOON FORECASTING 
K u n i y o s h i  T a k e u c h i  
J u l y  1 9 7 6  
Research Memoranda arc interim reports o n  research hcilig c ~ l i  
ducted by the International 1nstiti:te for Applied Systcllls Analysis, 
and as such receive only limited scientific review. Vicwh or o p i ~ i  
ions contained herein do not necessarily rcprcscnt thosc o i  tire 
Institute or o f  the National Member Organizations supporting the 
Institute. . 

P r e f a c e  
T h i s  i s  t h e  second  p a r t  o f  a two-par t  r e p o r t  f o r  
a p p l i c a t i o n  o f  t h e  Kalman f i l t e r  t o  c y c l o n e  f o r e c a s t i n g  i n  
which h u r r i c a n e  expe r imen t s  and f u r t h e r  typhoon expe r imen t s  
a r e  p r e s e n t e d .  The f i r s t  p a r t  was p u b l i s h e d  a s  RM-76-9. 

A b s t r a c t  
T h i s  i s  t h e  second p a r t  of a  r e p o r t  on a p p l i c a t i o n  of t h e  
Kalman f i l t e r  t o  c y c l o n e  f o r e c a s t i n g .  Fo l lowing  t h e  p r e l i m i n a r y  
expe r imen t s  o f  typhoon f o r e c a s t i n g ,  t h i s  pape r  p r e s e n t s  t h e  
r e s u l t s  o f  h u r r i c a n e  expe r imen t s  and f u r t h e r  typhoon e x p e r i m e n t s .  
The 12 and 24 hour  f o r e c a s t i n g  NHC72 mcdel and t h e  24 hour  
f o r e c a s t i n g  SNT model deve loped  by t h e  N a t i o n a l  H u r r i c a n e  C e n t e r ,  
NOAA, USA and t h e  J apan  M e t e o r o l o g i c a l  Agency, r e s p e c t i v e l y ,  were 
examined. The improvements o b t a i n e d  by u s i n g  t h e  Kalman f i l t e r  
o v e r  t h e  o r i g i n a l  models w e r e  found t o  be  r o u g h l y  10% f o r  
h u r r i c a n e  f o r e c a s t i n g  and 20% f o r  24 hour  typhoon f o r e c a s t i n g ,  
on t h e  a v e r a g e ,  i n  t e r m s  of v e c t o r  e r r o r s .  
The c o n c l u s i o n  drawn by t h e  p r e v i o u s  e x p e r i m e n t s  was 
r econ f i rmed .  Tha t  is ,  t h e  a p p l i c a t i o n  of  t h e  Kalman f i l t e r  t o  
u t i l i z e  b e t t e r  s imp le  l i n e a r  r e g r e s s i o n  models  i s  e f f e c t i v e  
when t h e  o r i g i n a l  r e g r e s s i o n  model g i v e s  c o n s e c u t i v e l y  b i a s e d  
f o r e c a s t s  f o r  a  c o n s i d e r a b l y  l o n g  t i m e ;  it i s  n o t  e f f e c t i v e  
when t h e  per formance  of t h e  o r i g i n a l  model i s  p o o r ,  y e t  i t s  
r e s i d u a l  e r r o r s  a r e  n o t  h i g h l y  c o r r e l a t e d .  
I n  a d d i t i o n  t o  t h i s  c o n c l u s i o n ,  a  s t a t i s t i c a l  t e s t  of t h e  
v a l i d i t y  of f o r e c a s t i n g  r e g r e s s i o n  models  showed t h a t  t h e  
s t r u c t u r e  of  t h e  model shou ld  be  f u r t h e r  improved b e f o r e  con- 
s i d e r i n g  a p p l i c a t i o n  of t h e  Kalman f i l t e r .  
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I. INTRODUCTION 
In the previous report of this study (Takeuchi, 19761, 
which will hereafter be referred to as Part I, the Arakawa's 
12 hour SFC.700 mb model and the 24 hour SNT model were 
examined. Application of the Kalman filter to both of these 
models showed very successful results. The conclusion reached 
was that the Kalman filter is a powerful tool to make the simple 
linear regression model applicable to a nonstationary process, 
provided that the residual errors of the regression model are 
highly correlated. 
Since the number of cases examined in the previous paper 
was limited, i.e., only to typhoons formed in the northern Pacific 
in August of 1974, it was necessary to examine further other 
cases. 
The purpose of this paper is, then, to apply the salne 
technique for hurricailes and other typhoons. The 1GHC 72 model 
developed by the National Hurricane Center, NOAA, in the USA, 
and the SNT model by the Japan Meteorological Agency were used 
in the experiment. The hurricanes formed during the period of 
1945 through 1973 and the typhoons during the period of June 
through September of 1974 were used as data; the types ohtainecl 
are listed in Table 3 of Part I. Not all of the available data 
were used; but those of cyclones which lasted for relatively 
long periods were arbitrarily chosen to reduce the computational 
burden. This included eight hurricanes (about 55 days all to- 
gether) and seven typhoons (about 60 days). In the hurricane 
analyses, both 12 hour and 24 hour forecasts were examined, but 
in the typhoon analyses, only 24 hour forecasts were examined. 
This is because a large number (over 30) of 12 hour typhoon 
forecasts were examined in Part I, whereas the number of cases 
for 24 hour forecasts processed was only 10. Furthermore the 
formula used to obtain 500 mb gph values that were used as predic- 
tors of the 24 hour SNT model were later Cound inadequate and 
a  r e v i s e d  c a l c u l a t i o r l  was n e c e s s a r y  . 
S e c t l o n  11 p r e s e n t s  t h e  r e s u l t s  o f  t h e  h u r r i c a n e  a n a l y s i s ;  
t h e  typhoon r e s u l t s  f o l l o w  i n  S e c t i o n  111. I n  S e c t i o n  I1 some 
m o d i f i c a t i o n  t o  t h e  o r i g i n a l  methodology d e s c r i b e d  i n  P a r t  I was 
added.  T h i s  i s  a n  approach  t o  compute t h e  i n i t i a l  e r r o r  c o v a r i -  
a n c e  m a t r i x  P 0 1 0  of  s t a t e  v a r i a b l e s  i n  t h e  Kalman f i l t e r  d i r e c t l y  
from t h e  o r i g i n a l  d a t a  se t .  A s l i g h t  improvement was a c h i e v e d  
by t h i s  approach .  During t h e  h u r r i c a n e  a n a l y s e s ,  it was found 
t h a t  t h e  o r i g i n a l  f o r e c a s t i n g  model,  f o rmula t ed  a s  a r e g r e s s i o n  
e q u a t i o n ,  d i d  n o t  a d e q u a t e l y  r e p r e s e n t  t h e  dynamics of  c y c l o n e  
advancement and t h a t  s t a n d a r d  s t a t i s t i c a l  tests d i d  n o t  j u s t i f y  
t h e  v a l i d i t y  o f  t h e  model. The d i s c u s s i o n  o f  t h i s  t e s t  i s  a l s o  
i n c l u d e d  i-n S e c t i o n  11. 
1.1. HURRICANE FORECASTING 
Ths U.S. N a t i o n a l  h u r r i c a n e  C e n t e r  model NEC-72 was deve loped  
f o r  f o u r  s t r a t i f i e d  data sets a c c o r d i n g  t o  t h e  i n i t i a l  mot ions  
o f  hurricanes. Two c h a r a c t e r i s t i c s  o f  i n i t i a l  s t o rm mot ion ,  t h e  
d i r e c t i o n  8 and t h e  speed  v  w e r e  c o n s i d e r e d ,  where 8 was measured 
i n  d e g r e e s  c l o c k w i s e  from t h e  n o r t h  and v  was measured i n  k n o t s .  
2  L e t  x  - v s i n  8 and y = v c o s  8 .  Compute Y 1  = - x  + 6 and 
9 9  
- 
Y2 - - - - x -  2  3 .  Storms were t h e n  c l a s s i f i e d  i n t o  1 ,  2 ,  3 and 4 
q u a d r a n t s ,  r e s p e c t i v e l y  (Neumann -- e t  a l . ,  1972, p.  8 )  when 
> Y y -  1 and y  2 Y 2  
Y 5 Y1 and y  2 Y 2  I 
Y < y1 and y < Y 2  , o r  
Y L Y1 and y  < Y 2 . 
The h u r r i c a n e s  examined i n  t h i s  s t u d y  a r e  o n l y  t h o s e  i n  
t h e  f i r s t  q u a d r a n t .  Roughly s p e a k i n g ,  t h e i r  i n i t i a l  mot ions  a r e  
n o r t h - e a s t e r l y  i n  d i r e c t i o n .  Tlle twe lve  hour  and twenty- four  
hour  f o r e c a s t s  were examined. The models used  a r e  d e s c r i b e d  i n  
Table  1 .  
Results Using the Same Procedure Described in Part I 
Initial experiments were conducted using the unknown error 
covariance matrices Q, R, as described in Part I; namely, 
the variance was assumed to be proportional to the magnitude of 
the coefficients. This assumption can also be referred to as 
an equal coefficient of the variation assumption. This is because 
~i the variance a2 of the initial estimate x 
010 
was assumed to have i 
a coefficient of variation y for all i, or 1 
Using this assumption and the shaping filter only for the 
system disturbances, in other words, using the filtered model A 
(Part I, p. 19), some improvement of forecasts was found. For 
the 12 hour forecasts, 19% improvement in longitudinal motion (A) 
and none (1%) in latitudinal motion ( v ) .  For 24 hour forecasts, 
they are 9% and -I%, respectively. The vector error reductions 
were 9% for 12 hour forecasts and 4% for 24 hour forecasts. 
Prediction of some hurricanes was improved by the magnitude of 
40% in one of the two components, but in some cases the filtered 
model forecasts were -15% worse than the original forecasts. 
Table 2 shows the summary of results. Also note that the sig- 
nificant improvement in the HUR134' is decisive for average 
improvement. Therefore, a glance only at the average improve- 
ment is somehow misleading. The optimal coefficients a, 6, yl, 
and y2 were found in some cases, quite similar to and, in other 
cases, considerably different from those identified for typhoon 
studies in Part I. 
The results obtained were unsatisfactory. What follows is 
the report of the efforts made to improve the forecasts and the 
analyses of the reasons why a greater improvement was not obtained 
by using the Kalman filter. 
Further Analysis of Error Covariance Matrices 
The assumption of equal coefficient of variation seems 
reasonable under an intuitive judgement. However, how reliable 
is it? How reasonable is the assumption of zero cross corre- 
lations? There is only one way to examine this assumption; this 
is to compute the error covariances of the state variables using 
the given observation data. The state variables are made up of 
two different sets of variables. One is the coefficient of the 
cjiven regression model and the other is the system disturbances. 
Their covariance matrices are P and P2, forming a large matrix 1 
P 0 1 0  as 
While P2 and the covariance matrices Q of the system disturbances 
cannot be estimated from the given observation data, it is possible 
to estimate the PI and R of the measurement noise. 
The original forecast model has a simple linear regression 
form: 
where y is the predictant, the displacement of a cyclone eye; 
x is the vector of the predictors; B is the corresponding 
coefficient vector and e is the noise. In the Kalman filter 
model, the coefficient f3 is treated as the state variable. The 
error covariance of the initial state variables is, therefore, 
where ^B is the estimate of B .  Let Y and X be the observation 
vector and matrix whose components are realization of y and x. 
Then 
Y = X f 3  i - E  ( 5 )  
where E is now an error vector. The least squared error estimate 
of B is 
The error covariance associated with g ,  or the expression (4) 
becomes 
If each component of noise E is considered independent and dis- 
2 tributed identically with variance a , 
where I is an identity matrix. Then (7) becomes 
a2 may be estimated by 
where p is the dimension of vector B and n is the number of 
observations. Instead of assuming the equal coefficient of 
variation yl, (9) can be used for the initial estimate of error 
covariance P1 in (2) . Since the regression model (3) is used 
as the measurement equation in the Kalman filtering model, the 
- 2  
measurement error R can also be replaced by a . Strictly speaking, 
this is not quite correct, because R is the measurement error 
variance after considering the dynamic changes of state variables. 
2  The estimate of a using (10) may, however, be postulated to be 
not very different from R. It should be noted that the artificial 
coefficients yl and 6 are now set equal to unity, which greatly 
reduces the optimization procedure. 
The next task is to assume the P and Q. They are assumed 2 
to bc similar to the procedure described in Part I; namely 
where y 2  and a are the parameters to be optimized under the 
criterion described in Part I (p. 16). Another assumption for 
consideration is the off-diagonal elements of P 1 ' In PI, the 
off-diagonal. elements are used as they are estimated. However, 
in P2 and B, theb- are set equal to zero. In other words, only 
the diagor:al cler~tent-s of P are introduced into P2 and Q. This 1 
procedure was introduced because P and Q were actually unknown 2 
and, above all, the off-diagonal elements of Polo, other than 
P I  and P 2 ,  are arbitrarily set to zero, or 
which intraduces additional errors. P 
010 
can, of course, be 
set Gi l l :  as 
But this assumption was not selected, The estimate of PI would, 
afterall not be so reliable as to be used intensively, and therefore 
creating a cumbersome optimization procedure for y 3  is useless. 
Table 3  lists the summary of results for 12 hour forecasts, 
17% (19%) in X and 8% (11%) in cp were improved. The vector 
error reduction was 11% (15%). For 24 hour forecasts, 11% (13%) 
in A ,  -0.5% (0.7%) in c p ,  and 5% (8%) in the vector error. The 
figdres in parectheses &re the improvements in terms of root 
mean squares whereas the preceeding values are improvements in 
terrns of th.2 rnean cf the absolute errors. 
The improvements of this trial over the previous trial are 
not great, but undoubtedly positive. A slight decline in the 
improvement of X component of the 12 hour forecasts can be 
explained due to the incomplete optimization of the parameters 
a and y2. In fact, only the cases a = y2 are examined; altogether 
only five cases. A case such as a ' y2 should certainly have 
been examined. 
At any rate, the improvement was not satisfactory and the 
next task is to analyze the reason. 
Performance of Filtered Forecasts 
Figure 1 shows the X displacements of HU1<72 of which the 
24 hour filtered forecasts showed the worst decline of the entire 
24 hour forecasting cases. From Figure la one can see that the 
overall NHC72 forecasts are not unreasonable. The first part 
is unsatisfactory, but in the latter part, from the time point 4 
and up, the original forecasts are excellent. The filtered 
forecasts, on the other hand, are not at all good, especial11 
at the time points 4 and 5. 
Figure 1b illustrates the reason why this extraordinary 
misprediction occurred. For the time point 3, the NHC72 had 
forecast 120 n.m. to the east (B). In fact the observed dis- 
placement was 100 n.m. to the west (A). The filtered forecast 
was 70 n.m. to the east which realized a 190 n.m. easterly error 
(C). At this point, the forecast for the time point 4 should be 
made. The NHC72 indicates this should be 120 n.m. to the west ( B '  
Now, it is time for the filtered model to make the forecast based 
on the scheme of the NHC72 model. The NHC72 forecast indicates 
about a 220 n.m. westerly change as compared to the previous 
forecast. This is obviously due to the drastic change in 
meteorological synoptic conditions. Without having knowledge of 
the meteorological dynamics, it is necessary to rely on the 
NHC72 models' forecasting scheme. Namely, the filtered model 
also considers a 220 n.m. westerly change from its previous 
forecast, which leads to point C1. This is because the filtered 
model does not have any mechanism to check whether the meteoro- 
l o g i c a l  cshange obse rved  r e a l l y  leads t o  such  a  l a r g e  change i n  
the ku:z;-icane mat ion .  However, t h e  f i l t e r e d  model c a n  a d j u s t  
j t s e l f  by i ~ n p r o v i n g  p r e d i c t i o n s  based  on  t h e  p r e v i o u s  e x p e r i e n c e  
of t h e  e r r o r .  The ~ r e v ~ o u s  e r r o r  was 190 n.m. t o  t h e  e a s t ;  t h i s  
i s  ext:cemely i m p o r t a n t .  The f i l t e r e d  model had been a d j u s t i n g  
i t s e l f  based  on  t h e  p r e c e e d i n g  e r r o r s .  I t  had 190 n.m. b i a s e d  
t.o t h e  e a s t  a t  t i m e  p o i n t  3 .  N a t u r a l l y ,  t h e  f i l t e r e d  model 
pos-tiu1a.t.e~ t h a t  t h e  c u r r e n t  f o r e c a s t  may a l s o  have a n  e a s t e r l y  
b i a s .  I n  o t l ~ e r  words,  t h e  f i l t e r e d  model shou ld  a d j u s t  i t s e l f  
t o  fo r i zcas t  a d i s p l a c e m e n t  s l i g h t l y  more w e s t  t h a n  p r e d i c t e d .  
The Kalman f i i t ~ r  i n d i c a t e s  how much a d j u s t m e n t  shou ld  be  made-- 
it i s  n o t  140 n.m. b u t  6 5  n , m .  T h i s  f j -gure  i s  c a l c u l a t e d  by 
t h e  Kalmarl ( ja i l1  v e c t o r  based ape11 t h e  e r r o r  c o v a r i a n c e s  P I  Q 
and R. A s  a r e s u l t ,  t h e  new f o r e c a s t  o f  t h e  f i l t e r e d  model i s  
6 5  a.m. w e s t  o f  p o i n t  C o r  p o i n t  C'.  U n f o r t u n a t e l y  however, 1 '  
ti-~e di . sp lacement  was n o t  a t  a l l  e a s t e r l y  b u t  i n  f a c t ,  w e s t e r l y .  
'); 'herefore, a  6 5  n.m. a d j u s t m e n t  c r e a t e d  more e r r o r s  t h a n  would 
have been c r e a t e d  wl-i:h no a d j u s t m e n t .  
O n e  may ~;.~crgeslc .3 l e s s e r  adjustxnent .  T h i s  i s  n o t  appro-  
p r i a t e ,  howeve.y:, i.f t-.he c a s e s  a t  t h e  t i m e  p o i n t s  1 ,  2  and 3  a r e  
examined. I n  these c:ases, t h e  a d j u s t m e n t s  a r e  i n s u f f i c i e n t .  
I n  Eavt, ,  t h e  a d j u s t m e n t  a t  time p o i n t  5 i s  a l s o  i n s u f f i c i e n t .  
The  r ~ t e  of a d j u s t m e n t  shou ld  be based  on an  a v e r a g e .  T h i s  r a t e  
-1s crj,:.t-roiled by the as sumpt ions  of PO I , Q and R.  2  
Frol;; the examina t ion  of  F i g u r e  1  it may be  obv ious  t h a t  
the kdl:rian f i l t e r  can  ad-just  t h e  f o r e c a s t s  c o r r e c t l y  o n l y  when 
t h e  o r i g i n a l  nnodel g i v e s  c o n s e c u t i v e l y  b i a s e d  f o r e c a s t s  i n  t h e  
same d i r e c t i o n .  I n  o t h e r  words,  i f  t h e  e r r o r s  of  t h e  o r i g i n a l  
f o r ~ c a s t s  are h i g h l y  c o r r e l a t e d ,  t h e  Kalman f i l t e r  works w e l l .  
T h i s  f a c t  bs most c l e a r  i n  t h e  HUR134 i n  which t h e  NHC72 g i v e s  
e a s t e r l y  b i a s e d  f o r e c a s t s  a l r i ~ o s t  a l l  o f  t h e  t i m e .  Fur thermore ,  
a s  seer! i n  Tab1.e 3 ,  t h e  12 hour f o r e c a s t s  a r e  improved more t h a n  
t h e  2 4  hour  f o r e c a s t s ,  T h i s  is  s imply  bscause  t h e  former  h a s  a  
h i g h e r  s e q u e n t i a l  c o r r e l  ; , i t ion  of  t h e  f o r e c a s t  e r r o r s ,  s i n c e  t h e  
time increment.  is  s h o r t e r .  
What the Kalmai? f i l t e r  e s s e n t i a l l y  does  i s  t o  remove t h e  
bia . s  of t i le  o r r o r s  b y  a d j u s t i n g  the s t a t e  v a r i a b l e s  o f  a  sys tem 
t o  t h e i r  short - t .zr l r ;  c u r r e n t  msan v a l u e s .  I f  t h e  e r r o r s  a r e  
o r i g i n a l l y  w h i t e  n o i s e ,  t h e  Kalman f i l t e r  c a n n o t  r e d u c e  them. 
T h i s  i s  c l e a r  from t h e  f a c t  t h a t  i f  t h e  sys tem per formance  i s  
o p t i m a l ,  t h e  i n n o v a t i o n  sequence  i s  w h i t e  n o i s e  a s  ment ioned 
i n  P a r t  I (p .  1 5 ) .  The Kalman f i l t e r  i s  t h e r e f o r e  o f t e n  used 
t o  d e t e c t  g r a d u a l  o r  sudden changes  i n  t h e  sys tem s t r u c t u r e  
when t h e  change e x t e n d s  o v e r  a  c o n s i d e r a b l e  t i n e  p e r i o d ,  e . g .  
s p a c e  s h i p s  and a i r c r a f t  c o n t r o l s .  I t  i s  a  powerfu l  t o o l  i n  
such  c a s e s .  
F i g u r e s  2  and 3  show a l l  o f  t h e  h u r r i c a n e  f o r e c a s t s  where 
o n l y  t h e  p r e d i c t i o n  e r r o r s  a r e  p l o t t e d .  I t  w i l l  be s e e n  t h a t  
any s i n g l e  f o r e c a s t  e r r o r  can  be  e x p l a i n e d  by t h e  r u l e  d e s c r i b e d  
above.  The h u r r i c a n e  t r a c t s  and t h e  f o r e c a s t s  f o r  IIUK72 and 
HURl34 a r e  p l o t t e d  on maps, F i g u r e s  4 and 5.  The HUK72 i s  a n  
example o f  t h e  w o r s t  c a s e  and HUR134 of  t h e  b e s t  c a s e .  
Examinat ion o f  t h e  NHC72 Model 
I t  has  been p o i n t e d  o u t  t h a t  a p p l i c a t i o n  of  t h e  Kalman f i l t e r  
t o  b e t t e r  u t i l i z e  a  r e g r e s s i o n  model i s  u s e f u l  o n l y  when t h e  
e r r o r s  of t h e  o r i g i n a l  r e g r e s s i o n  model show c o n s e c u t i v e  b i a s e s  
o v e r  c o n s i d e r a b l y  l ong  t i ~ n e  p e r i o d s .  I t  has  a l s o  been  p o i n t e d  
o u t  t h a t  t h e  NHC72 model p roduces  e r r o r s  which do n o t  have 
p r o p e r t i e s  ment ioned above ,  a l t h o u g h  t h e y  a r e  n o t  n e c e s s a r i l y  I I 
w h i t e  n o i s e s .  Based upon t h e s e  f a c t s ,  it may be conc luded  t h a t  
t h e  Kalman f i l t e r  i s  n o t  v e r y  u s e f u l  f o r  h u r r i c a n e  f o r e c a s t i n g ,  
a t  l e a s t  by t h e  method a p p l i e d  i n  t h i s  a n a l y s i s .  There  i s ,  
however, a n o t h e r  t a s k  l e f t .  T h a t  i s  t o  c o n s i d e r  why t h e  NHC72 
model h a s  less c o r r e l a t e d  e r r o r s .  An answer t o  t h i s  q u e s t i o n  was 
p r e v i o u s l y  ment ioned;  namely, t h e  u n d e r l y i n g  syscem s t r u c t u r e  of 
h u r r i c a n e  mo t ions  i s  n o t  made up of g r a d u a l l y  chang ing  components 
o r  components which may change suddenly  from t i m e  t o  t i m e  b u t  l a s t  
a  l ong  t ime  once  changed.  Al though t h i s  i s  q u i t e  p o s s i b l y  t r u e ,  
t h e r e  may be o t h e r  r e a s o n s .  One o f  them may be  t h e  poor  c o n s t r u c t i o n  
of  t h e  NHC72 model. T h i s  p o s s i b i l i t y  i s  q u i t e  c ~ n c e i v a b l e . ~  A s  
s e e n  i n  F i g u r e  1 ,  it o f t e n  happens t h a t  w h i l e  t h e  h u r r i c a n e  moves a  
g r e a t  d i s t a n c e  i n  a  p a r t i c u l a r  d i r e c t i o n ,  s a y  t o  t h e  n o r t h ,  t h e  
f o r e c a s t  i nd i ea i : e s  a n  o p p o s i t e  moven~ent,  o r  a s o u t h e r l y  d i s p l a c e -  
ment.  I t  a l s o  f r e q u e n t l y  happens t h a t  w h i l e  a  h u r r i c a n e  speed  
i s  a c c e l e r a t i n g  t o  t h e  n o r t h ,  t h e  correspondi.ng f o r e c a s t  i n d i c a t e s  
a s o u t h e r l y  a c c e l e r a t i o n .  In f a c t ,  t h e  f o r e c a s t s  f l u c t u a t e  by 
and l a r g e  more t h a n  t h e  r e a l  h u r r i c a n e  mot ions .  I f  t h e  s i t u a t i o n  
i s  t h e  oppos i . t e ;  namely, i f  f o r e c a s t s  d o  n o t  f l u c t u a t e  a s  much 
a s  t h e  a c t u a l  h u r r i c a n e  mot ions ,  t h e  f o r e c a s t  e r r o r s  would show 
a consec1~t .kvu1.y  b i a s e d  s t r u c t u r e .  The f o l l o w i n g  i s  t h e  r e s u l t  
of r e - examina t ion  o f  t h e  NHC72 models .  
Using 1 0 4  d a t a  which was used i n  f o r e c a s t i n g  a n a l y s e s ,  t h e  
r e g r e s s i o n  models  w e r e  r e c a l c u l a t e d  and t h e  r e s u l t s  w e r e  found 
t o  be  ex t r eme ly  i n t e r e s t i n g .  Tab le  4 l i s t s  t h e  compar i son  
between t h e  o r i q i n a l  c o e f f i c i e n t s  and t h e  r e c a l c u l a t e d  c o e f f i c i e n t s .  
T h e  pre. i i -c tor  number c o r r e s p o n d s  "i t h e  number o f  Tab le  1 .  The 
v a l u e s  i n  p a r e n t h e s e s  a r e  t h e  s t a n d a r d  d e v i a t i o n s  of t h e  es t i -  
mated ccje.Et i c i e n  t s .  C o n s i d e r a b l y  l a r g e  d i f f e r e n c e s  between t h e  
o r i g i n a l l y  g i v e n  c o e f f i c i e n t s  and t h o s e  r e c a l c u l a t e d  can  b e  
obse rved .  I n  s o a e  c a s e s ,  even  t h e  s i g n s  a r e  d i f f e r e n t .  These 
d i f f e r e n c e s  a re  n o t  s t r a n g e  a t  a l l  i f  one c o n s i d e r s  t h e  c o r r e -  
sponding  s t a n d a r d  6eviat :ons .  I n  many c a s e s  t h e  s t a n d a r d  d e v i -  
a t i o n s  a r e  l a r g e  enough to q u e s t i o n  t h e  v a l i d i t y  o f  t h e  c o e f f i -  
c i e n t s .  
Given t h e  s t a n d a r d  c?evia t ions ,  t h e  c o n f i d e n c e  l i m i t s  of  
c u e f f i c l e ; t t s  c a n  be c a l c u l a t e d .  I n  t he  g e n e r a l  l i n e a r  r e g r e s s i o n  
A 
rn0S11 (5) t h e  l e a s t  squ - re  e s t i m a t e s  (3 ;- (xTx)- 'xTy a r e  normal ly  
2 T -1 d i s t r i b u t e d  w i t h  t h e  mean B and v a r i a n c e  a ( X  X )  i f  e a c h  com- 
pel lent  of E i n  ( 5 )  i s  i n d e p e n d e n t l y  i d e n t i c a l l y  d i - s t r i b u t e d  w i t h  
2 N 0 ,  ) . J o i r i t  100 (1-a) % con£ i d e n c e  r e g i o n  f o r  a l l  t h e  components 
B are? t h e n  o b t a i n e d  from t h e  e q u a t i o n  
where F (p,n.-p, I - , )  i s  t h e  ( I - a )  p o i n t  of t h e  F (p,n--pj  clistri- 
b u t i o n ,  p i s  Che nuicber of  components of B and s2 i s  cs d e f i n e d  
by ( I  0 )  . T h i s  i n e q u a l i t y  p r o v i d e s  t h e  equa t ior l  w i t h  a n  e l l i p -  
t : i c a l ly - shaped  c c n t o u r  i r i  a  space  of  p  d.imensiorns. I n d i v i d u a l  
c o n f i d e n c e  i n t e r v a l s  f o r  t h e  v a r i o u s  componera-t,s s e p a r a t e l y ,  
however, c an  be  o b t a i n e d  from t h e  formula  
1 t (n-p,  1- -Za) 
where gi i s  t h e  i t h  component o f  $ and Zi  i s  t h e  s q u a r e  r o o t  o f  
2  t h e  i t h  d i a g o n a l  e l emen t  of  0 2  m a t r i x  (=a ( x T x ) - l )  and 
1 1 t (n-p,  1- - a )  i s  t h e  (1- Z a )  p o i n t  of t h e  t d i s t r i b u t i o n  w i t h  2 
(n-p) d e g r e e s  of  f reedom. Roughly s p e a k i n g ,  95% c o n f i d e n c e  
A A 
l i m i t s  f o r  Bi a r e  g i v e n  by + 2oi. These c o n f i d e n c e  l i m i t s  i - 
c a n  a l s o  be  t h o u g h t  o f  a s  a  h y p o t h e s i s  tes t .  I f  t h e  z e r o  p o i n t  
l i e s  i n  between t h e  c o n f i d e n c e  l i m i t s ,  t h e n  t h e  h y p o t h e s i s  t h a t  
' i = 0 c a n n o t  be  r e j e c t e d  a t  t h e  100aX f a i l u r e  l e v e l .  I n  T a b l e  4 ,  
t h e  c o e f f i c i e n t s  which have no * a t  t h e  end co1:respond t o  such  
c a s e s .  These c o e f f i c i e n t s  a r e  n o t  s i g n i f i c a n t l y  d i f f e r e n t  from 
z e r o .  The c o e f f i c i e n t s  w i t h  * a r e  s i g n i f i c a n t  i n  t h e  s e n s e  t h a t  
t h e  h y p o t h e s i s  m = 0 i s  r e j e c t e d  w i t h  a  5% p r o b a b i l i t y  of  f a i l -  
u r e .  I n  o t h e r  words ,  t h e  p r e d i c t o r s  w i t h  * I s  a r e  t h e  o n l y  
v a r i a b l e s  wor th  i n c l u d i n g  i n  t h e  r e g r e s s i o n  model.  I t  i s  s u r -  
p r i s i n g  t o  see t h a t  s o  many p r e d i c t o r s  a r e  i n s i g n i f i c a n t .  These 
p r e d i c t o r s  c o n t r i b u t e  t o  r e d u c t i o n  o f  t h e  e r r o r  v a r i a n c e s  f o r  
t h e  d a t a  sets used  f o r  t h e  model c o n s t r u c t ~ . o n ,  b u t  d o  n o t  con- 
t r i b u t e  t o  b e t t e r  f o r e c a s t s  f o r  t h e  i ndependen t  d a t a .  
T h i s  f i n d i n g  l e a d s  t o  a n o t h e r  q u e s t i o n .  IIow good a r e  t h e  
r e g r e s s i o n  models  w i t h o u t  t h o s e  i n s i g n i f i c a n t  p r e d i c t o r s ?  The 
t h i r d  and f o r t h  columns i n  Tab le  4 g i v e  t h e  e s t i m a t e s  o f  
c o e f f i c i e n t s  when o n l y  t h e  v a r i a b l e s  w i t h  * a r e  i n c l u d e d  i n  
t h e  r e g r e s s i o n  model. With fewer  p r e d i c t o r s ,  t h e  e r r o r  v a r i a n c e s  
n a t u r a l l y  i n c r e a s e .  I n  t h e  12 hour V model f o r  example,  f i v e  
v a r i a b l e s  o u t  o f  a  g i v e n  13 v a r i a b l e s  a r e  c o n s i d e r e d  and t h e  
s t a n d a r d  e r r o r  i s  i n c r e a s e d  from 52.6 n.m. t o  54.8 n.m. I t  i s  
now n e c e s s a r y  t o  check  whether  o r  n o t  t h e  model w i t h  a l l  13 
v a r i a b l e s ,  namely t h e  o r i g i n a l  model,  is  s i g n i f i c a n t l y  b e t t e r  
t h a n  t h e  new model w i t h  o n l y  f i v e  v a r i a b l e s .  Fo r  t h i s  purpose  
a n  F t e s t  was conduc ted ,  c o n s i d e r i n g  t h e  new model a s  t h e  n u l l  
h y p o t h e s i s  and  t h e  o r i g i n a l  model as  t h e  a l t e r n a t i v e  h y p o t h e s i s ;  
h t ' ~ ~ i f i c i e n l : s  of v a r i a b l e s  ' 1 , 6 , 7 , 8 , 9 , 1 0 , 1 2  and 13  a r e  
all z e r c * .  
, ,  Not a l l  of t - ~ e s e  e i g n t  c o e f f i c i e n t s  a r e  z e r o .  
f o l l o w s  tiie 1;'- 3is t . r . ib1ut jcz i  - . v i t h  degrees o f  f reedom 8 a n d  9 9 .  
^ 2  G~ arid 11. d-:i; +,:LC er ror  varianr:es of t h e  model  u n d e r  II and  5 13 
, Y 
0  
H I  ~.e:j;)e~::.i.:~:i ely The t o t a l  number o f  o h s e r v a  t i o n s  i s  1 0 4 .  
'The F v a  I.&.: fox ?5%. ccnf i . d e n c e  I.s 1 ., 9 8  a s  i n d i c a t e d  i n  p a r e n t h e s e s  
i n  'Table Q d .  T h i s  means t h a t  t h e  F v a l u e  i s  i n  t h e  95% c o n f i d e n c e  
l i m i t s  i~n.3 t!~a.t t h e  r!r:::~!. hyr :o thes is  c a n n o t  b e  r e j e c t e d .  I n  o t h e r  
words ,  t b s s  Clr.s, suyc_TcC:ts t h a t  it is o f  no  va l .ue  t o  i . n c l u d e  a n  
c~.c'liii. t ic;nzi i.i.c'ht. ,,.lri.;bie.c i n  t h e  r e g r e s s i o n  model .  A l l  t h e  
c o e f : f i c i e n t . s  C j f  t.h.2 eci lected f i v e  v a r i a b l e s  a r e  s t a t i s t i c a l l y  
s i j l l ~ f  i.cai:.t 1.y d l f f  e.rent: f x o a  z e r u  and a c c o r d i n g l y ,  r e c a l c u l a t i o n  
of k!9e r e ~ ~ r c s s i o n  coei ' : f i , - ient .5 i s  t e r m i n a t e d .  
",'lx same p.rocedure wa.s appl. i .ed f o r  all f o u r  mode l s .  I n  
yener i2-1- ~ \ : i l : ~ .  ELvc v a r i a b l e s  w e r e  r e c o g n i z e d  a s  s i g n i f i c a n t .  
T h e  2 U  hr;>?lr v model  w a s  a n  e x c e p t i . o n ,  where  o n l y  t h e  two 
~ar.I.~~hG.es ( 8 t h  and ? 0 t . h )  remained  a t  t i l e  f i n a l .  s t a g e .  Bu t  i n  
t h i s  case, t h e  P - - t e s t  r e j e c t e d ,  a t  the 9 5 %  c o n f i d e n c e  l e v e l ,  t h e  
n u l l  h y p c ~ t i i e s i s  t h a t  t h e  v a r i a b l e s  ~ ~ i t h o u t .  * are a l l  z e r o .  T h i s  
i s  a n  exa~np1.e of how a u n i v a r i a t e  t - t e s t  m i s l e a d s  a n  i n f e r e n c e .  
The r e a s o n  £01- t h i s  f a i l u r e  would he   hat t h e  c o n f i d e n c e  r e g i o n  
of c o e f f i c i e n t s  were i r r eyu l . a r l .y - s t l aped .  .i.n t h i s  c a s e ,  which  
would not. b e  e x e e p t i v r ~ a l  in. m i i a i t i v a r i a t e  d i s t r i b u t i o n s .  A more 
s o p h i s t i c a t e d  reasy:,is i s  t . h a t  t.he va r i ab l e s  u n d e r  examinat.io;i a r e  
s e l e c t e d  by v a r i o u s  s c r ~ e n i n q  tests. I n  g e n e r a l ,  t.he s t a n d a r d  
s t a t i s t i . c a L  tes ts  are r w t  ~ l e c e s s a r i . i y  a p p l i c a b l e  1x1 t h e  v a r i a b l e s  
Lnat ha.ve alr:?ady beel, s ~ . ~ . e e n e d  t h r s u g h  p r e t e s t i n g  ., N e v e r t h e l e s s ,  
t h e  many p r e d i c t o r s  a r e  h a r d l y  j u s t i f i a b l e  i n  a l l  t h e  models. 
The second and t h i r d  p r e d i c t o r s  a r e  r ecogn ized  i n  a l l  models 
e x c e p t  i n  t h e  2 4  hour V model, which co i . nc ides  w i t h  t h e  f a c t  
t h a t  t h e y  w e r e  r e p o r t e d  t o  be t h e  most r e l i a b l e  i n  t h e  s e n s e  
t h a t  t h e y  reduced t h e  v a r i a n c e  of  t h e  p r e d i c t i o n  e r r o r s  more 
t h a n  t h e  lower  o r d e r e d  p r e d i c t o r s  (Neumann e t  -- a l , p .  1 2 ) .  A 
c o n c l u s i o n  t h a t  cou ld  be drawn from t h i s  t e s t  would be t h a t  t h e  
p r e d i c t o r s  s e l e c t e d  by  t h e  NHC72 model were n o t  n e c e s s a r i l y  
a p p r o p r i a t e ,  a t  l e a s t  f o r  t h e  d a t a  se t  used i n  t h i s  a n a l y s i s .  
I f  t h e  same t e s t  i s  a p p l i e d  t o  t h e  o r i g i n a l  s e t  o f  d a t a  t h a t  
was used f o r  t h e  development of t h e  NHC72 model,  and i f  a l l  of 
t h e  p r e d i c t o r s  were found s i g n i f i c a n t ,  such  a l a r g e  sampling 
v a r i a t i o n  would be s u r p r i s i n g .  
The l a s t  t a s k  i s  t o  examine how w e l l  t h e  Kalman f i l t e r  
works f o r  t h e  new model u s i n g  o n l y  t h e  s i g n i f i c a n t  p r e d i c t o r s .  
U n f o r t u n a t e l y ,  t h e  r e s u l t s  were n o t  b e t t e r  t h a n  t h e  p r e v i o u s  
ones  and t h e  e r r o r s  l e f t  were n o t  c o r r e l a t e d  t o  a  g r e a t  e x t e n t .  
Concludina Rema-r ks 
The f o l l o w i n g  i s  a list of c o n c l u s i o n s  and subsequen t  
remarks which a r e  not necessa r j . l y  mentioned i n  t h e  t e x t :  
( 1 )  By r e p l a c i n g  t h e  e q u a l  c o e f f i c i e n t  o f  v a r i a t i o n  assumpt ion  
w i t h  t h e  e s t i ~ n a t e  of e r r o r  c o v a r i a n c e  m a t r i x  of t h e  i n i t i a l  
e s t i r n a t e  of sta-Le v a r i a b l e s ,  soule improvement c a n  be 
ach ieved .  I f  d a t a  a r e  a v a i l a b l e  t-o e s t i m a t e  t h e  e r r o r  
c o v a r i a n c e  m a t r i x ,  it should  by a l l  means be  used .  By 
do ing  so,  t h e  number O F  pa rame te r s  t o  he s p e c i f i e d  a r c  a l s o  
reduced  from f o u r  t o  two. 
( 2 )  A p p l i c a t i o n  of t h e  Kalmarl f i l t e r  t o  a  g i v e n  r e g r e s s i o n  
model a l l o w s  t h e  r e g r e s s i o n  c o e f f i c i e n t s  t o  v a r y  s lowly  
and a  s i g n i f i c a n t  irr~provement i n  performance of  t h e  model 
can  be expec ted  i f  t h e  o r i g i n a l  e r r o r s  of t h e  r e g r e s s i o n  
model a r e  from t i m e  t o  t i m e  h i g h l y  b i a s e d  c o n s e c u t i v e l y .  
T h i s  is t h e  c a s e  f o r  typhoon f o r e c a s t  models.  I f ,  however, 
t h e  o r i g i n a l  errors a r e  n o t  b i a s e d  and c l o s e  t o  t h e  w h i t e  
n o i s e s ,  l i t t . l e  improvement may he  ach ieved .  T h i s  i s  t h e  
case f o r  a l l  t h e  h u r r i c a n e s  w i t h  t h e  e x c e p t i o n  of  HUR134. 
( 3 )  The NHC72 model was found t o  i n c l u d e  many i n s i g n i f i c a n t  
p r e d i c t o r s ,  a t  l e a s t  w i t h  r e s p e c t  t o  t h e  d a t a  used  i n  t h i s  
a n a l y s i s .  The 1 2  hour cP model, f o r  i n s t a n c e ,  was found 
t o  have o n l y  f i v e  s i g n i f i c a n t  p r e d i c t o r s  whereas  13 p r e d i c t o r s  
w e r e  o r i g i n a l l y  c o n s i d e r e d .  The u s e  of  o n l y  t h e  s i g n i f i -  
c a n t  p r e d i c t o r s ,  however, cou ld  n o t  improve t h e  performance 
of t h e  f i l t e r e d  model. The v a l i d i t y  o f  t h e  o r i g i n a l  
r e g r e s s i o n  model and t h e  u t i l i t y  of t h e  Kalman f i l t e r  a r e  
t w o  d i f f e r e n t  m a t t e r s .  
( 4 )  Nonethe less ,  t h e  Kalrnan f i l t e r  showed i t s  improvement 
p o t e n t i a l  up t o  10% on a n  a v e r a g e ,  b o t h  a t  1 2  and 2 4  hours .  
The u s e  of t h i s  t e c h n i q u e  t o  p r e d i c t  h u r r i c a n e  movement 
should  be  s e r i o u s l y  c o n s i d e r e d .  One p o s s i b l e  u t i l i z a t i o n  
would he  t h e  combina t ion  of  f i l t e r e d  f o r e c a s t s  w i t h  t h e  
f o r e c a s t s  o b t a i n e d  throuyh o t h e r  models.  The combinat ion 
may l e a d  t o  b e t t e r  performance s i n c e  t h e  Kalman f i l t e r  
f o r e c a s t s  i n c l u d e  new i n f o r m a t i o n  independent  of o t h e r  
f o r e c a s t s .  
111. ADDITIONAL -- TYPHOON FORECASTING 
A s  mentioned i n  t h e  I n t r o d u c t i o n ,  o n l y  t h e  2 4  hour  SNT 
f o r e c a s t i n g  model was examined. T h i s  model was f u l l y  d e s c r i b e d  
i n  Tab le  2 o f  P a r t  I .  Two k i n d s  of  p r e d i c t o r s  a r e  used  i n  t h i s  
model: on? i s  t h e  p e r s i s t e n c e  d a t a  and t h e  o t h e r  i s  t h e  prog- 
n o s t i c  500 mb gph d a t a  o b t a i n e d  from t h e  numer ica l  s o l u t i o n s  of 
a t h r e e  l a y e r  b a l a n c e  model of t h e  atmosphere i n  t h e  e n t i r e  
n o r t h e r n  hemisphere.  These numer ica l  s o l u t i o n s  a r e  g i v e n  o n l y  
f o r  250, 550 and 850 mb gph v a l u e s .  I n  t h e  p r e v i o u s  a n a l y s e s ,  
500 mb gph was computed u s i n g  a  s imple  l i n e a r  i n t e r p o l a t i o n  
formula ( P a r t  I ,  p.  2 7 ) :  
5  1 500 mb gph = - 550 mb gph + 250 mb gph . 6 (1 5) 
L a t e r ,  however, t h i s  f o r ~ n u l a  was found t o  g i v e  b i a s e d  h e i g h t  
v a l u e s .  Formula 1,151 may be s u i - t a b l e  f o r  some purposes  b u t  n o t  
f o r  u s e  of  t h e  SNT n o d e l .  A s  a r e s u l t ,  t h e  SNT f o r e c a s t s  u s i n g  
this formula appeared biased, as seen in Figures 7, 8 and 9 of 
Part I. Since biases were favorable to the Kalman filter, an 
incredible 70% improvement was achieved in the v forecasting, 
which was not a fair comparison between the original and 
filtered forecasts. 
Formula (15) was replaced by the following static equation 
of the atmosphere: 
where p is pressure (mb) at the geopotential heignt z(m), po is 
1000 rnb, cp is specific heat of dry air under constant pressure 
2 2 (1004 m /sec /deg) , 8 is potential temperature (deg) , g is 
7 
gravitational constant (9.8 m/secL) and K = R/c- with R being 
2 2 gas constant (287 m /set /deg) 
Assuming the potential temperatures at z500 (500 mb gph) 
and '550 to be the same as 8550, equation ( 1 6 )  can be rewritten, 
by differencing, as 
This formula gives better estimates of z 500 than equation (1 5) . 
Results Using the Same Procedure Described in Part I 
Using formula (17) for conputing 500 mb gph, the 24 hour 
SNT forecastings were conducted for TYPH05, 08, 14, 16, 18, 21 
and 22. The same model was also run through the Kalman filter. 
The improvements of the filtered forecasts over the original 
forecasts are summarized in Table 5 and appear substantially 
different from Table 8 of Part I, which is the counterpart of 
Table 5, by using formula (1 5) instead of (17) for 500 mb gph 
values. The forecasting improvement dropped from 70% to 27%. 
The o r i g i n a l  P s r r o r  wa.s 3 . 7 4  d e g r e e s  i n  Tab le  8 of  P a r t  I, b u t  
i s  now 1 . 8 2  decjzcies. As t h e  l a r g e  b i i j s e s  d i s a p p e a r e d  from t h e  
o r i g i n a l  f c ~ r z z a s t s ,  t h e  ex t r eme ly  f a v o r a b l e  cor ld i . t ion  f o r  apply-  
i n g  t h e  Kalman f i l t e r  a l s o  d i . sappeared .  However, Tab le  5 shows 
a  s i g n i f i c a n t  improvement. In terins of t h e  mean of  a b s o l u t e  
0 0 e r r o r s ,  t h e  X e r r o r s  improved from 4 .LC6 t o  1 .20  ( 1 8 % )  and 
0 
e r r o r s  from 1 . 8 2 C  t o  1 . 3 ?  ( 2 7 % )  . The v e c t o r  e r r o r s  improved 
from 264km t o  2 0 6 ~ ~  ( 2 2 % )  . I n  t e r n s  or r o o t  mean squa red  errors, 
t h e  improvenients ax,? s l i ( ~ h t l y  l e s s  h u t  s t i l l  s u b s t a n t i a l .  
The p a r a m e t e r s  of e r r o r  c o v a r i a n c e s ,  a . 3 , ~ ~  and y were 2 
se t  a s  i n d i c a t e d  in Tab le  5 from t h e  f i r s t  t r i a l  and never  ad- 
j u s t e d  because t h e  performance was s a t i s f a c t o r y .  For  t h i s  
r e a s o n ,  al.1 t h e  c a w s  l i s t e d  a r e  c o n s i d e r e d  independen t  cases. 
EXZ!I I~~~ : :S  0% t;iphoon t r a c k s  w i t h  b o t h  t h e  o r i g i n a l  and 
f i l t e r e d  f:3rer.:asts a r e  p l o t t e d  i n  17igures  6 t l l rough 10 .  The 
reasor! ,:>i t h e  gr ' ca t e r  j.n~!:,rov-c-rnent:s i n  p r e d i c t i n g  typhoons t h a n  
i n  h u r r i c a n e s  a r e  i3bvious from t h e s e  f i g u r e s .  The c o n s e c u t i v e  
b i a s e s  a r e  s t i l l  1:r cser~t:, a l t h o u g h  t h e i r  magni tudes  a r e  n o t  a s  
g r e a t  as  i n  ?:igu.rc:s ! t.hr'oucjh 9 i.11 P a r t  I. These b i a s e s  a r e  
sometimes e&s:.< 1-1y a n d  someti-mes w e s t e r l y .  Nor thern  b i a s e s  
a r e  n o r e  dorninant t h a n  s o u t h e r n  b i a s e s ,  which may be  t h e  r e s u l t  
o f  -the ii.mi i.ed lil~nh,:-w c f samples .  
Before c o n c l u d i n g  the  typhoon a n d l y s e s ,  it shou ld  b e  f u r t h e r  
c1a.r i f  ied wily t h e  typhcon expe r ime i l t .~  w i t h  t h e  Kalman f i l t e r  
showed i-;lo:re j.mprovemen.t- t h a n  t h e  h u r r i c a n e  expe r imen t s .  A s  was 
ment.Loned, t h i s  i s  because  t h e  o r i g i n a l  f o r e c a s t i n g  e r r o r s  of  
t h e  typhoon models a r e  more h i g h l y  c o r r e l a t e d  t h a n  t h o s e  of t h e  
h u r r i c a n e  f o r e c a s t i n g  models .  'rhe r e a s o n  f o r  t h e  h i g h  c o r r e -  
l a t i o n s  p r e s e n t  i n  t h e  p r e d i c t i o n  e r r o r s  i n  typhoon f o r e c a s t i n g  
models i s  more d i f f i c u l t  t o  e x p l a i n .  One p r o b a b l e  answer t o  
t h i s  q u e s t i o n  may b e  tha-L t h e  t:yphooii f o r e c a . s t i n g  models  are no* 
deve loped  f o r  s t r a t i f i e d  d a t a  sets ,  whereas  t h e  h u r r i c a n e  models 
are  s e p a r a t e d  i n t o  fot i r  c l a s s i f i e d  e q u a t i o n s ,  depending  upon t h e  
i n i t i a l  h u r r i c a n e  ;[!ut.ic1n. Ths typhoon f o r e c a s t i n g  models are 
t h e r e f o r e  less speci f ic  t o  any p a r t i c u l a r  a tmosphe r i c  c i rcum- 
s t a n c e s .  A s  a r e s u l t ,  E s i n g l e  model i s  a p p l i c a b l e  t o  a l l  
typhoons r e g a r d l e s s  of t h e i r  o c i y i n s  o r  t h e i r  i n i t i a l  mot ions .  
However, it ma). product: t h e  e s t i m a t e s  b i a s e d  i n  a  c e r t a i n  d i r e c -  
However, it may produce  t h e  e s t i m a t e s  b i a s e d  i n  a  c e r t a i n  d i r e c -  
t i o n  p e c u l i a r  t o  e a c h  typhoon,  depending upon t h e  p a r t i c u l a r  
a tmosphe r i c  c o n d i t i o n s  govern ing  i t s  motion.  
I t  i s  i m p o r t a n t  t o  n o t e ,  n e v e r t h e l e s s ,  t h a t  t h i s  f a c t  a l o n e  
does  n o t  n e c e s s a r i l y  j u s t i f y  t h e  methodology of  s t r a t i f i c a t i o n .  
T h i s  i s  because  t h e  s t r a t i f i c a t i o n  of d a t a  i s  e q u i v a l e n t  t o  
i n c l u d i n g  more p a r a m e t e r s ;  t h e s e  c o n t r i b u t e  t o  a n  e x p l a n a t i o n  
of t h e  h i s t o r i c a l  d a t a ,  b u t  do n o t  n e c e s s a r i l y  p r o v i d e  more 
a c c u r a t e  f o r e c a s t s .  Tso l i t t l e  e v i d e n c e  i s  a v a i l a b l e ,  however, 
t o  t e l l  whether  o r  n o t  t h e  NWC72 model i s  a n  example o f - s u c h  
c a s e s .  A l l  one  c a n  s a y  i s  t h a t  i f  a  s t r a t i f i c a t i o n  of  d a t a  w e r e  
used i n  a  f o r e c a s t i n g  model t o  g e t  r i d  o f  b i a s e d  f o r e c a s t s  appea r -  
i n g  i n  d i f f e r e n t  d i r e c t i o n s  from one  c y c l o n e  t o  a n o t h e r ,  it would 
be  h e t t e r  t o  a v o i d  t h i s  and t o  t r y  t h e  Kalman f i l t e r  a s  a  means 
of  f i l t e r i n g  t h e  b i a s e s  o u t .  
Concluding Remarks 
( I )  Formula ( I 7 j  was used t o  0b ta i .n  b e t t e r  e s t i -ma te s  o f  500 mb 
gph,  r e p l a c i n g  fo1.-l-nula ( 1  5 )  . The 2 4  hour  SNT f o r e c a s t s  u s i n g  
t h e  d a t a  o b t a i n e d  th rough  t h i s  fo rmula  w e r e  found t o  be  less 
b i a s e d .  The K,:llman f i l t e r ,  however, s t i l l  improved t h e  
f o r e c a s t s  t o  a  s i g n i f i c a n t  e x t e n t :  1 8 %  i n  A and 27% i n  P .  
The improvement i n  v e c t o r  e r r o r s  was 2 2 X ,  which rough ly  
co r r e sponded  t o  an  e r r o r  r e d u c t i o n  from 260km t o  210km, on 
t h e  a v e r a g e .  
( 2 )  The accu racy  o f  SNT f o r e c a s t s  i s  n o t  s u b s t a n t i a l l y  d i f f e r e n t  
from t h a t  o f  t h e  NHC72 model,  a t  l e a s t  f o r  t h e  d a t a  examined 
i n  t h i s  a n a l y s i s ;  b u t  t h e  SNT model was found t o  produce  
more h i g h l y - c o r r e l a t e d  f o r e c a s t i n g  e r r o r s  t h a n  t h e  NHC72 
model,  which formed a n  a.dvantageous b a s i s  f o r  t h e  a p p l i -  
c a t i o n  o f  t h e  Kalman f i l t e r .  
( 3 )  I f  c o n s e c u t i v e  b i a s e s  i n  t h e  f o r e c a s t i n g  e r r o r s  d e v e l o p  i n  
d i f f e r e n t  d i r e c t i o n s  from one c y c l o n e  t o  a n o t h e r ,  t h e  
Kalman f i l t e r  would be a  b e t t e r  means of  d e c r e a s i n g  them, 
r a t h e r  t h a n  i n c l u d i n g  a d d i t i o n a l  p a r a m e t e r s  t o  a  f o r e c a s t i n g  
model. 
Table 1  Description of NHC-72 Model 
12  hours forecas t  f o r  Quadrant 1  
-- 
Meridional Motion ( p )  
Predictor  
- 
Coeff icient  
- 
1 constant 
2  H 5 ( 5 1 )  
3 I-I5(54) 
4 H 5 ( 7 6 )  
s 13H?0(102)  
6 H l O ( 9 )  
7  DH7(10)  
8  DH7(7)  
9  DH5(65)  
1 0  H 7 ( 6 9 )  
11  H 7 ( 1 2 0 )  
1 2  H l O ( 1 0 5 )  
1 3  H 7 ( 9 2 )  
2 4  hours forecas t  fo r  Quadrant 1  
Meridional Motion ( c p )  
Predictor  - Coeff icient  -
constant 
I>H5 ( 5 1 )  
DHlO(71)  
DH7 ( 9 2 )  
DH5 ( 6 5 )  
HI 0  ( 9 )  
H5 ( 8 5 )  
I17 ( 5 1 )  
H7 ( 6 9 )  
I15 ( 6 2 )  
DH7(10)  
DH7 ( 7 )  
H7 ( 1  2 0 )  
Zonal Motion ( A )  
Predictor  
--
Coeff icient  
1  constant 
2  H 5 ( 3 7 )  
3  DHlO(97)  
4  DH5(56)  
5  H 7 ( 9 1 )  
6  H l O ( 3 8 )  
7  H l O ( 8 )  
8  H I 0  ( 8 3 )  
Zonal Motion ( A )  
Predictor Coeff icient  
constant 
H5 ( 3 7 )  
H7 ( 8 4 )  
DH5 ( 5 6 )  
DH10 ( 9 7 )  
HI0  ( 3 8 )  
HI0  ( 1 0 6 )  
H5 ( 6 6 )  
HI0  ( 8 )  
Note : H5, H7, H I 0  : 5 0 0 ,  7 0 0 ,  1 0 0 0  mb gph ( m )  
DH5, DH5, DHlO : 24 hrs  change of 5 0 0 ,  700  
1 0 0 0  mb gph ( m )  
T a b l e  2  I m p r o v e m e n t s  of t h e  F i l t e r e d  Forecasts 
over t h e  NHC 7 2  Forecasts: e q u a l  C . V .  
1 2  h r s  forecast 1 :::I 
HUR N o .  X error co er ro r  V e c t o r  error 
- - 
A v e r a g e  1 9  1  9  
2 4  h r s  forecast I t l  1 :::I 
HUR N o .  X error co error V e c t o r  error  
A v e r a g e  
N o t e :  m e a n  of t h e  abso lu t e  errors a re  c o m p a r e d .  
Table 3 Improvements of t h e  F i l t e r e d  Forecasts  
over t he  NHC 72 Forecasts :  es t imated Polo 
12 h r s  fo recas t  B = 1.0 B = 1.0 
y1 = 1.0 y1 = 1.0 
yp = 0.01 yp = 0.0003 
IlUR No. h e r r o r  cp e r r o r  Vector e r r o r  
Average 17 (19) 8 (11) 1 1  (15) 
= 1.0 24 h r s  fo recas t  
-fl = 1.0 
yp = 0.003 i' 
HUR No. h e r r o r  cp e r r o r  
-9% (-3%) 
- 1  (-2) 
1 1  (4) 
7 (1) 
1 (5) 
0 (-4) 
-7 (-6) 
3 (4) 
Vector e r r o r  
Average 1 1  (13) 0 (1) 5 (8) 
Note: 1. Values ou t s ide  of t h e  paren thes i s  a r e  based on 
t h e  mean of t h e  abso lu te  e r r o r s .  
2. Values i n  t h e  paren thes i s  a r e  based on t h e  
r o o t  mean squared e r r o r s .  
3 .  a = y~ = 0 (24 h r s  Y model) corresponds t o  t h e  
model without shaping f i l t e r .  
. ~ 
C O O O O O O O O O  
b I  I l l  
Table 4b Test of Regression Coe f f i c i en t s :  2 4  hours Forecas t ing Model 
P red i c to r  ( V )  Orig ina l  Recalculated ( s .  d .  ) Recalculated ( s . d )  Recalculated ( s .  6) 
Pred ic to r  ( A )  
-2 3- 
Table 5 
Improvements of the Filtered Forecasts Over the SNT Forecasts: 
24 hours 
Number of 
TYPH forecasts X error error Vector error 
Average 5 5  (total) 18 (15) 27 (19) 22 (18) 
Mean of the absolute 
error 1.46O 1.82O 264km 
is reduced to 
Note: 1. Values outside of the parenthesis are based on 
the mean of the absolute errors. 
2. Values in the parenthesis are based on the 
root mean squared errors. 
WEST 
4 
EAST 
FIG. la .  HUR 72 : 24 HRS FORECAST 
OBSERVED 
FIG.1 b. ILLUSTRATION MECHANISM 
OF FILTERED FORECAST 
DISPLACEMEN' 
I" 
2 
I  I  
I I 
I I 
I I 
I I 
I 
I 
I  
I  
I 
I  
I  
I 
6 7 8 9  
-1 
1 
I 
lo I  
I 
FORECAST 
I 11 
I I  
! 
I  
I 
1 ;  
] I l l  
1 3 1 4 5  
I I 
I I  
I  I 
I l l  
I l l  
I l l  
I I  I  
10 
1 1 10 
I I I 
' 1 1  
I 0 '/ I i0 1 1 1  
' NHC 72 ' 0  
HUR 8 HUR 17 
SOLID LINE NHC 72 
FILTERED 
FIG2a. 12 HRS FORECASTING ERRORS FOR A 
HUR 96 HUR 72 
WEST HUR 112 
200 
FIG 2 0  CONTINUED 
HCA 136 
+ 
EAST F I G 2 0  CONTINUED 
-1% 
-250 
SOUTH 
HUR 8 HUR 17 
SOLID L lM  : NHC 72 
e FIUERED 
F\G 2 t ~ ,  zc HRS FOCIECASTING ERRORS FOR Y 
NORTH 
HUR 54 HUA 72 
2501 
FlG.2 b CONTINUED 
W T H  HUR 112 HUR 134 
4 
FIG.2b CONTINUED 


FIG. 4.  HUR 7 2  : 24 HRS FORECAST (THE WORST CASE) 
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FOOTNOTES 
1 T i ? t  vu14-dity of t h e  da ta  d u r i n g  t h e  time of t h i s  hurr icane 
(Oct. 10-18, 19 '72 )  was carefu1l.y checked. 
2 I t  can e a s i l y  be seen from the  Kaiman f i l t e r  formulation 
descr ibsd i n  P a r t  I ( p .  9 )  t h a t  an adjustment i s  l a rge  i f  
diagonal  elements of P 
0 l o  and Q a r e  l a rge  compared t o  R and 
it  i s  sinal.1 i f  R i s  l a r g e r .  In t he  c u r r e n t  ca se ,  the  param- 
e t e r s  d r e  only a and y which c o n t r o l  the  lower p a r t  of t he  2 
diagonal  elements of P 
0 1 0  
and diagonal  elements of Q.  There- 
f o r e ,  the r a t e  of adjustment i s  l a r g e  a s  a and a increase .  2 
A n  intul.tj .ve expl.anation i s  yiven below. The l a rge  P 
O l o  
imy;l.ies th?!t t.he e r r o r  involved i n  t he  origin.a.1 es t imate  
r. 
13 of !3 i :~  ( 3 )  i s  l a r g e .  Then the  Kalman f i l t e r  does not  
,? 
be1l.e~:: t he  value of (3; and once the  e r r o r  i s  observed, t h e  
Kalrnan f i l t e r  changes t he  a  g r e a t  deal  t o  a d j u s t  t he  system 
t o  the  observed 7 i a l i - i ~ .  The l a r g e  Q implies t h e  same, t h a t  i s ,  
i f  t he  r a t e  *sf sys t r -n l  dis turbances  i s  l a rge ,  it  tends  t o  
a d j u s t  t o  sl '.arge ex ten t .  The l a rge  H, on t h e  o the r  hand, 
impl ies  t h e  opposi.Ce e f f e c t .  This i.s tihe var iance i n  t h e  
0bser!~& t ion  no ise .  I f  the  var iance of observation noise  i s  
13rge compared t o  Q 2nd P ,  then t h e  Kalman f i l t e r  considers  
t h a t  t.he predj-ct ion e r r o r  o r  t he  d i f f e r ence  between t h e  
s ~ . s e i v e d  and t h e  predicted i s  n o t  due t o  the  system e r r o r  
biit due t o  t he  measurement e r r o r .  Therefore,  t he  Kalman 
f i l t e r  tends  t o  be l ieve  the  s t a t e  v a r i a b l e s  est imated so  f a r  
and does not  change them much, even when a  l a r g e  pred ic t ion  
e r r o r  i s  presen t .  
I t  m u s t  be c l e a r  now what small P 0 1 0 '  Q dnd R i .nply. The 
smaller  P 
0 10 
and Q compared t.o R imply t h a t  t h e  est imated 
s t a t e  v a r i a b l e s  a r e  r e l i a b l e  so t h a t  t h e  Kalman f i l t . e r  wi.l.1 
not  ad-just t h e  s t a t e  va r i ab l e s .  The small R implies t he  
small observat.ion e r r o r  and t-ha Kaln~an f i l t e r  fu1l.y under- 
s tands  t h e  predic t ior ,  e r r o r s  due t o  t.he system e r r o r ,  
accordi.ng t o  l a rge  changes t o  the  s t a t e  v a r i a b l e  es t imates .  
3 C. Neuman ( p e r s o n a l  comrnuni.cation, A p r i l  1976) p o i n t e d  o u t  
t h a t  t h e  h u r r i c a n e s  i n  t h e  f i r s t  q u a d r a n t  w e r e  t h e  most 
e r r a t i c  o f  a l l  c y c l o n e s  i n  behav io r .  T h i s  i n  t u r n  would 
imply t h a t  t h e  NHC72 model f o r  q u a d r a n t  1 was t h e  l e a s t  
a c c u r a t e  model f o r  f o r e c a s t i n g .  
REFERENCES 
Neumann, C . J . ,  Hope, J .R .  and Miller,  B . I . :  " A  s t a t i s t i c a l  ~ e t h o d  
o f  Combin ing  S y n o p t i c  and E m p i r i c a l  T r o p i c a l  C y c l o n e  P r e d i c -  
t i o n  S y s t e m s " ,  N O A A  T e c h n i c a l  Memorandum, NWS SR-63 ,  1 9 7 2 .  
T a k e u c h i ,  K . :  " A p p l i c a t f o n  o f  t h e  Kalman F i l t e r  t o  C y c l o n e  
r ' i , r e c a s t i n g :  1 M e t l z o i ~ o l o g y ,  2 Typhoon  F o r e c a s t i n . g u ,  RM-76-9, 
I I A S A ,  L a x e n b u r g ,  A u s t r i a .  
